Abstract Electricity generated by hydro power is the most widely used form of renewable energy, and as such, its vulnerability to climate change is of great interest. The aim of this work is to estimate the change in river discharge characteristics in the Alpine region due to possible impacts of climate and the related changes in the power generation of run-of-river hydro power plants up to 2050. Four representative bias-corrected climate simulations from the ENSEMBLES project are chosen based on the SRES greenhouse gas emission scenario pathway A1B. Data of these simulations serve as input for a lumped-parameter rainfall-runoff model at a monthly time step, which is calibrated on discharge data of gauging stations along important rivers in the Alpine region. A power plant model fed with runoff data generated by the hydrological model is used to compute changes in the long-term average annual net electrical energy output of hydro power plants for the whole Alpine region; while the model for Austria is based on known technical parameters of the power plants, a more simplified approach is employed elsewhere. The general warming trend observed in all four climate scenarios causes to various degrees a seasonal shift towards earlier runoff. However, more diverse changes in precipitation for the different climate scenarios and time periods result in diverging hydrological projections. Although the annual runoff is found to decrease in some scenarios, the generally observed shift of runoff towards the winter season that typically shows higher energy consumption in the Alpine region suggests that the overall impact for the electricity sector tends to be positive rather than negative. Estimated changes in the average annual electricity generation of runof-river plants are generally found to be within a singledigit percentage range but can be either positive or negative depending on the climate scenario. The estimated ranges reflect the diversity (uncertainty) of the climate models; the total bandwidth of possible changes in the water availability and hydro power generation in the Alpine region up to 2050 is assumed to be even higher, because of other uncertainties in the model chain that are not explicitly considered here. Nevertheless, as the general regional trends and bandwidth of changes in runoff and hydro power production strongly depend on the future changes in precipitation, the results of this work provide reasonable orders of magnitude of expected changes and are seen as a first step towards an improved understanding of climate impacts on hydro power production within the entire Alpine region.
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Introduction
The Alpine climate, its long-term changes induced by increasing greenhouse gas concentrations in the atmosphere, and the influence of climate change in the Alps on various natural and socio-economic sectors have been intensively investigated in the last decades (e.g. Haeberli and Beniston 1998; Schär et al. 1998; Beniston and Jungo 2002; Raible et al. 2006; Auer et al. 2007; OECD 2007; Brunetti et al. 2009 ). For example, the EU Green Paper (2007) on adaptation to climate change in Europe as well as the EEA report (2012) states that the Alps are amongst the most vulnerable areas in Europe.
From the late nineteenth to the end of twentieth century, the Alps have warmed at a rate about twice as large as the average northern hemisphere, resulting in an increase in mean annual temperature of about ?2°C (Auer et al. 2007; Brunetti et al. 2009; Kromp-Kolb et al. 2014) . The intensity and frequency of precipitation is changing too, but the sign and magnitude of changes depend on the region and season (e.g. Brunetti et al. 2006 Brunetti et al. , 2009 . In future, the temperature is expected to continue to increase and the seasonality of precipitation (more in winter and less in summer) is expected to change . In particular, the intensity and frequency of extreme precipitation events is expected to increase (Rajczak et al. 2013; . Several case studies (e.g. Klein et al. 2011; Farinotti et al. 2012; Laghari et al. 2012; Kobierska et al. 2013) have shown that the expected future changes will alter the runoff dynamics of rivers in the Alpine region. The potential impact of such hydrological changes on hydro power production is evident, but quantitative assessments are rare. The possible effects on Europe's hydro power potential were analysed by Lehner et al. (2005) at the country scale using a global water model driven by climate change projections from General Circulation Models. At smaller scale, more detailed analyses of single hydro power plants or individual catchments of the Alpine region are available (e.g. Koch et al. 2011; Maran et al. 2013; Bongio et al. 2016; Majone et al. 2016 ). To our knowledge, however, a consistent catchment-scale assessment of climate change impacts on hydro power generation within the entire Alpine region is still lacking (e.g. based on a recent review of Schaefli 2015) .
This paper aims to provide a first assessment of the impact of climate change on stream flows and consequently on the hydro power generation of run-of-river plants based on a scheme-scale analysis in the entire Alpine region up to the year 2050. It builds on results of the project EL.A-DAPT (Impacts of Climate Change and Adaption in the Electricity Sector-The Case of Austria in a Continental European Context), which addressed climate change impacts on the Austrian electricity sector in general (Bachner et al. 2013) . While this project integrated various different models applied to various areas within Europe, the focus here will be on the hydrological and hydro power modelling approaches and their application to the Alpine region. Nevertheless, a consistent data set was chosen that covers whole Europe. Due to resource and time constraints, the number of climate change scenarios was limited to a selection of four that cover a broad range of possible future changes roughly representing the bandwidth of the entire available model ensemble (Bachner et al. 2013 ). Yet, it should be noted that the selected scenarios-just as any other multi-model ensemble-represent an ''ensemble of opportunity'' (Tebaldi and Knutti 2007) , which is not designed to cover the full range of uncertainty.
The relatively large study area, its topographic complexity as well as data availability ask for relatively simple, yet effective structures of the hydrological and hydro power models. For the periods 1961-1990 (historical reference period), 2011-2030, and 2031-2050 , expected changes in the discharge characteristics of 101 (sub-) catchments are analysed using a rainfall-runoff model on a monthly time step driven by precipitation and temperature obtained from the four selected high-resolution climate scenarios. In addition, a hydro power plant model is used to account for the known technical parameters of the individual run-of-river plants (where available) and for the size of their actual catchment areas, which might differ from those of the stream gauges considered by the hydrological model. This approach is consistently applied within the entire Alpine region and thus allows drawing first conclusions on the total magnitude and spatial variation in potential climate change impacts on stream flow and electricity generation of run-of-river plants. Although there are inherent uncertainties in the hydrological as well as the hydro power model that are hard to quantify directly, it is attempted here to identify potential sources of uncertainty such as potentially non-stationary processes that are not explicitly or only in a simplified way considered by the model (e.g. evapotranspiration, glacier melt) and thus to assess the general trends in the future runoff and hydro power production. The results, on the one hand, help to identify further research needs and, on the other hand, provide order of magnitude estimates of changes in runoff and hydro power production at the regional scale within the entire Alpine region.
Data sets and methods
Various meteorological, hydrological, and hydro power plant-related data sets need to be compiled, processed, and analysed to allow considering possible future changes in the model chain climate-river runoff-hydro power generation. Although this is a rather classical impact framework, it appears to be the first scheme-scale analysis for hydro power generation covering the entire Alpine region. As such, a compromise of data needs and data availability had to be found, which will be described in the following.
Climate scenarios and observations
In order to provide meteorological input (temperature and precipitation amount) for the hydrological model in the Greater Alpine Region (GAR; see Fig. 1 ), four carefully selected (see below) regional climate model (RCM) simulations from the ENSEMBLES project (van der Linden and Mitchell 2009) were used. Within ENSEMBLES, 23 RCM simulations are available based on 8 different global climate model (GCM) simulations. They are operated at a horizontal resolution of 25 km, which was the highest resolution available covering the entire region and period of interest at the time when this study was conducted. Recently, a new set of regional climate simulations for Europe became available from the EURO-CORDEX initiative (Jacob et al. 2013 ). These regional climate simulations are downscaling the new CMIP5 global climate projections (Taylor et al. 2012 ) and the new representative concentration pathways (RCPs) (van Vuuren et al. 2011 ). Comparisons of EURO-CORDEX results given in Jacob et al. (2013) and Kotlarski et al. (2014) suggest that the model performance for large-scale patterns of changes in mean temperature, precipitation, and related indices in the EURO-CORDEX simulations is similar to those of ENSEMBLES.
The ENSEMBLES RCMs provide daily time series from 1951 to 2050 and are based on the SRES greenhouse gas emission scenario A1B (Nakicenovic et al. 2000) . A1B is a moderate emission scenario, but features no large differences to other emission scenarios up to 2050 in its consequences to climate change (e.g. Prein et al. 2011 ). However, after 2050 these differences become important and a single emission scenario might not be appropriate to cover the bandwidth of possible long-term climate change in the Alpine area. In total, 19 out of 23 ENSMBLES models entered the scenario selection process; four were disregarded due to technical and availability reasons at the time of the study. Four representative climate simulations were chosen that cover the bandwidth of climate change of the entire ENSEMBLES multi-model data set (see Bachner et al. 2013, p. 7-14 for details), and range from hot-dry over moderate to humid-warm-thus, it is expected that relevant climate change conditions for impacts on the hydrological and power generation systems are considered in this study. Although changes in wet or dry spells or similar extreme indicators were not taken into account for model selection, the spread of the selected scenarios can be regarded as representative for model uncertainty within the A1B scenario as demonstrated by Heinrich et al. (2014) . For a more detailed description of the selection process, see Bachner et al. (2013) . The selected model #1 (Meteo-HC HadRM3Q0) features a very warm and dry climate change signal in summer, and mild conditions in winter. This scenario is considered to result in overall positive effects on the electricity system, due to an expected decline of residual load in winter, although the residual load will slightly increase in summer. However, for hydro power generation, these very warm and dry conditions should yield rather negative effects. Thus, model #1 will be termed ''warm-dry'' scenario from now on. Model #2 (C4IRCA3) features a very wet and warm climate change signal (CCS) in both summer and winter. It will be termed ''humidwarm'' scenario. Model #3 (CNRM-RM4.5) features the special case of a stronger summer than winter warming. According to its expected effect on the electricity system, model #3 will be termed ''warm-summer'' scenario. Model #4 (KNMI-RACMO2) represents more or less an average realization of all 19 considered RCMs. Precipitation is shifted towards winter season, the overall precipitation during the year changes insignificantly. This scenario was chosen as an average scenario, because it does not comprise any outstanding precipitation CCS. It will be termed ''moderate'' scenario in the following, because the expected effects on the electricity system are moderate in total. Temperature and precipitation of the selected RCMs have then been bias-corrected independently on daily basis, applying quantile mapping (QM) as described in Themeßl et al. (2011 Themeßl et al. ( , 2012 and Wilcke et al. (2013) . For bias correction, the E-OBS European gridded observational data set (Haylock et al. 2008; van den Besselaar et al. 2011 ) was used. Wilcke et al. (2013) showed that these corrections (applied in this study) retain the inter-variable dependencies of RCMs and therefore do not add additional uncertainty for further impact assessments in this respect. E-OBS contains gridded daily time series of mean, minimum, maximum air temperature (°C), and precipitation amount (mm/day) on a 25-km grid and is based on the most complete freely available collection of station data over wider Europe (Klok and Klein Tank 2009) . A similar data set for global radiation and wind speed does not yet exist for entire Europe and is-amongst other things discussed later in the text-a reason why a simple hydrological model has been chosen that needs only temperature and precipitation as meteorological input.
Hydrological modelling
The purpose of the hydrological model within the model chain is to estimate the impacts of climate change on the discharge characteristics of rivers within the Alpine region at a monthly time step. In other words, a simple yet effective model has been chosen that converts precipitation to stream flow in catchments of variable size and topography by means of temporal storage and delay of precipitation. For model calibration and validation, discharge time series of 101 gauging stations in Austria, Germany, Slovenia, France, Italy, and Switzerland, which were provided by various organizations (see ''Acknowledgements''), were compiled. The length of the time series ranges from 10 to 60 years, and the size of the catchments related to the gauging stations ranges from 150 km 2 to more than 100,000 km 2 (see Fig. 1 ). Some of the data were available as monthly runoffs only, some also as daily runoffs. As meteorological input for calibration and validation, the E-OBS data set described in ''Climate scenarios and observations'' section was used.
Since the hydrological model needs to be applicable for a wide region as well as various catchment sizes and should operate with only precipitation and air temperature as input data, the parsimonious lumped-parameter model GR2M (Perrin et al. 2001 (Perrin et al. , 2003 Mouelhi et al. 2006; Okkan and Fistikoglu 2013, Wagner et al. 2013 ) has been selected and extended by a snow model that accounts for snow storage and melt based on temperature only (as proposed by Xu et al. 1996) . Potential evapotranspiration (PET) is computed based on the formulation of Oudin et al. (2005) , as only temperature is available as input parameter here. In addition to temperature, extraterrestrial solar radiation is needed for the computation of the PET. Following Oudin et al. (2005) , extraterrestrial radiation depends on the geographical position of the catchment and the time of the year as it exhibits a seasonal variation but is assumed to remain constant over the years (data taken from http:// www.cgiar-csi.org).
A schema of the model structure is shown in Fig. 2 . The approach is based on a spatial, temporal, and conceptual lumping which is considered to be a suitable model structure for the purpose of monthly rainfall-runoff prediction due to its parsimony and the limited information content of discharge time series available for calibration and validation (Edijatno et al. 1999; Perrin et al. 2001; Gupta et al. 2005) . A monthly time step has been considered most appropriate because of (1) computational efficiency, (2) an accepted capability of monthly rainfallrunoff models to simulate runoff with relatively few parameters (e.g. Mouelhi et al. 2006) , and (3) the fact that long historical time series of flow data are consistently available on a monthly time step; generally, daily time step flow data are likely related to more uncertainty and often include larger data gaps (e.g. Smakhtin 2000) . Moreover, monthly runoff data provide sufficient input for the subsequent step in the model chain, as for most of the hydro power plants considered in the hydro power model (except for the Austrian hydro power plants) only monthly data were available.
Processes accounted for are snow storage and snow melt, evapotranspiration, soil water storage represented by a soil moisture accounting store (=production store as used in Mouelhi et al. 2006) , groundwater storage (=routing store as used in Mouelhi et al. 2006) , and water exchange with neighbouring catchments (intercatchment flow; Wagner et al. 2013 ). There are in total four free (to be calibrated) parameters in the model (in the following called GR2M?): a critical temperature T S below which snowfall starts and adds to the snow store; a critical temperature T M above which snow melt starts and decreases the snow store; the maximum capacity X 1 of the production store; and a groundwater exchange term X 5 , which accounts for water flow to (X 5 [ 1) or from (X 5 \ 1) neighbouring catchments. Such a parameter has been shown to be important, as groundwater flow from or to a neighbouring catchment is often observed and the discharge measured at stream gauges does not take into account groundwater flow within the alluvial aquifer accompanying the stream (Mouelhi et al. 2006; Le Moine et al. 2007; Wagner et al. 2013 ). However, the routing store (accounting for groundwater storage) is held constant (60 mm; representing a quadratic reservoir), which is a necessary simplification due to the unavailability of detailed local data of groundwater flow, but was shown by Mouelhi et al. (2006) to be effective.
As was pointed out by Gupta et al. (2005) , the information content of a runoff time series is limited and a model with only a few free parameters avoids the issue of equifinality. Although incorporating additional processes into the hydrological model is appealing, it bears the risk that the model is overparameterized (Loague and Freeze 1985; Beven 1989; Perrin et al. 2003; Wagner et al. 2013) . To demonstrate that the above-described model is able to adequately reproduce the runoff behaviour observed in the past, historical area-weighted average monthly temperature and precipitation data (based on the E-OBS v4 data set) are computed for the individual catchments and used as forcing input in the model. The simulated runoff is compared to the observed runoff from the individual stations, and the four free parameters are optimized to yield a minimum difference between observed and simulated runoff based on three objective functions: (1) the classical Nash-Sutcliffe efficiency criterion (Nash and Sutcliffe 1970), (2) the NashSutcliffe criterion calculated on the square-root-transformed stream flow, and (3) the Nash-Sutcliffe criterion on the logarithm-transformed stream flow (Perrin et al. 2003; Wagner et al. 2013 Wagner et al. , 2016 . The classical Nash-Sutcliffe criterion focuses on optimizing peak flows, the one based on logarithm-transformed stream flow focuses on low flows and the one based on square-root-transformed stream flow gives an intermediate picture of the overall hydrograph fit (e.g. Oudin et al. 2006 ). In the following, the combined efficiency criteria will be termed NSE as their value is given as an average number of the three criteria (equal weights) to have the same value range as the individual criterion (-? to 1). The optimization of GR2M? is performed using the Excel Solver.
To evaluate the predictive capability of the model, the model was calibrated using the first half of the data set and validated using the second half and vice versa (split sample test; Klemes 1986) . At least one year of warm-up period was assigned to minimize the effects of the initial conditions. An example of a calibrated hydrograph including a split sample test is shown in Fig. 3a using the example of the gauging station Kienstock along the River Danube (catchment size of 95,970 km 2 ; see Fig. 1a for location of the catchment). It is noteworthy that if the model is calibrated using the first half of the time series (1661-1985; NSE of 74.9%), it is able to simulate the runoff for the second half rather good (NSE of 79.1%), even the low flow during the drought period in 2003.
Hence, model validation is based on different efficiency criteria (trade-off in single efficiency criteria to have an overall consistency; the ''closeness'' of simulated and observed stream flow; Krause et al. 2005) , visual inspections of the hydrographs, and split sample tests. This evaluation was done for the whole data set of 101 measurement stations. The average of the three efficiency criteria (NSE) for all the stations yielded 78.9 ± 6.8% when calibrated for the whole time period, and when validated on one half of the time series after calibrating it on the other half of the time series 75.1 ± 8.5 and 76.1 ± 9.0%, respectively (Fig. 3b) . Mouelhi et al. (2006) reported an average Nash-Sutcliffe efficiency criterion of 64.2% for the 410 catchments they analysed, indicating that our results are comparatively good. According to the classification of Nash-Sutcliffe efficiency criteria proposed by Moriasi et al. (2007) , nearly all of the calibrated models are rated as ''good'' ([65%) or ''very good'' ([75%). Moreover, there is no correlation of model efficiency and catchment size, which suggests that the simple model is able to reproduce stream flow for a wide range of catchment sizes (Fig. 3c) . However, seasonality in discharge time series can produce relatively high NSE values; therefore, a benchmark approach as proposed by Garrick et al. (1978) and later by Schaefli and Gupta (2007) was followed for some of the catchments analysed. The applied model performs superior to the benchmark model (assuming interannual mean monthly runoff values; Schaefli and Gupta 2007) ; however, for individual catchments, the improvement is small, indicating that seasonality plays an important role in the discharge behaviour of these catchments (e.g. station Golling along the Salzach River). Nevertheless, this is an expected fact of monthly runoff data of alpine catchments.
In addition to the acceptable efficiencies discussed above, the model results are compared to published results of other models for historical data (e.g. Kranzl et al. 2010; Pöhler et al. 2010; Stanzel and Nachtnebel 2010; Klein et al. 2011; Kling et al. 2011 ; ZAMG/TU-Wien Studie 2011). As an example, the model performance to simulate observed runoff for the two gauging stations PassauIngling (26,084 km 2 ) and Golling (3555.7 km 2 ) at the Rivers Inn and Salzach, respectively, is shown in Fig. 4 compared to the simulations by Pöhler et al. (2010) , which used the physically based model WaSiM-ETH at a daily time step. A general agreement between observed data, the published simulated data from the distributed model WaSiM-ETH (reduced to a monthly time step), and the simulations from the parsimonious lumped-parameter model used herein (GR2M?) increases the confidence in the appropriateness of the simple model structure to generate monthly runoff data. In addition, the benchmark approach described in Schaefli and Gupta (2007) based on interannual mean monthly runoff values yields NSE values of 0.681 for Passau-Ingling and 0.808 for Golling. Actual ): observation data = grey line, calibration using the whole time span = black dashed line (77.2% NSE), calibration using the first half of data = red dashed line (74.9% NSE; validation on second half of data: 79.1% NSE) and calibration using second half of data = violet dashed line (80.0% NSE; validation on first half: 74.2% NSE); b cumulative frequency distribution of model efficiencies (NSE) for all catchments considered. Note that for model validation, the efficiencies are for the most part in acceptable ranges (C65%) or even good (C80%). As an example, the efficiencies of the gauging station Kienstock shown in Fig. 3a are displayed (round symbols); c NSE efficiency criteria versus the catchment sizes of the stations analysed NSE values for the runoff simulation of the GR2M? for the two gauging stations are higher (0.874 and 0.848). On the one hand, this demonstrates an expected strong seasonality of the runoff and, on the other hand, that the model is superior to a simple interannual monthly mean.
Hydro power model for run-of-river plants
The direct impacts of long-term average climate changes can be estimated by investigating changes in the average annual electricity generation of run-of-river plants, which is defined in this paper as the long-term average annual net electrical energy output of every single plant within the model. To convert the simulated river runoffs to the energy output of run-of-river plants, conversion models (e.g. Kishor et al. 2007; Acakpovi et al. 2014) were used. For the hydro power plants, the corresponding runoff gauging station was assigned by using the nearest station along the river. The relationship between the changes in runoff and the changes in the average annual electricity generation of run-of-river plants depends on technical parameters of the individual hydro power plant as well as on possible differences in size of the catchment areas of the gauging station and the hydro power plant.
For the hydro power plants in Austria, the known technical parameters, such as hydraulic head, maximum inflow, and maximum capacity, as well as historical runoff data are used as model input to calculate hydro power generation on a daily basis for each power plant (Schüppel 2010) . The model then is calibrated to the historical power generation data by adjusting the unknown efficiency factor of the power plant, assuming as an approximation that the known average head height is constant. ) is the density of water and g el (-) is the total efficiency of the power plant, used to calibrate the model.
Another variable factor accounting for the aforementioned difference between the catchment areas of the stream gauge and the power plant is calibrated using the average annual electricity generation.
where Q mod (m 3 ) is the historical runoff volume for day d, modified by the results of the hydrological model output, Q max (m 3 ) is the maximum daily inflow capacity of the power plant, and f (-) is the catchment size correction factor, ratio of model catchment size and plant catchment size. 
Based on the monthly simulation results from the hydrological model, changes in the monthly flow duration curves of the nearest gauging stations are computed and used to alter the monthly duration curves from the hydro power plants (derived from historical daily inflow data, delta-sigma approach). Changes in the characteristics (e.g. increasing frequency of high water) are approximated by altering the historical inflow data considering the simulated changes in the standard deviations in the monthly runoff data simulated by the hydrological model. The modified flow duration curves are then fed into the power plant model. Although this is a simple approach of converting monthly to daily inflow data, it is considered a reasonable first approximation. More complex stream flow conversions exist (e.g. Rebora et al. 2016) , but are beyond the scope of this paper. The resulting changes in average annual electricity generation and monthly generation coefficients (monthly share of the annual energy yield) are the final results discussed here (and can be used for further economic considerations, as was done within the EL.A-DAPT project: Bachner et al. 2013 ).
Due to a lack of technical information and temporal resolution of runoff data on individual hydro power plants, a less detailed linear approach was used for the hydro power plants in other countries (Italy, Switzerland, Germany, and France), mapping the monthly change signals of runoff directly to the monthly average amounts of electricity generation and neglecting the nonlinear effects of changing runoff characteristics and the limiting inflow capacity (delta approach).
where W CC el;m (Ws) is the monthly average electricity generation in the future affected by climate change, W hist el;m (Ws) is the historical monthly average generation, and Dq % is the relative change in monthly runoff of the corresponding gauge (climate change signal).
Calibration of the individual hydro power stations in Austria results in efficiencies on average of 0.83 (with a standard deviation of 0.12; see Eq. (1) and Bachner et al. 2013, p. 92-94 for details) . These values are within a reasonable range (e.g. Giesecke et al. 2014, p. 32) . Due to the lack of technical data, efficiencies were not calculated for the stations outside Austria.
At the end of their operational period, hydro power plants will be renewed (refurbished). These refurbishments are assumed to result in an increasing capacity (rated power) by 5% and are correspondingly considered in the average annual electricity generations modified by the hydrological model results. Moreover, an increase in the number of hydro power plants is expected in the future. This increase has been estimated based on various sources, e.g. World Energy Outlook 2010 and the National Renewable Energy Action Plans of EU member states (see Bachner et al. 2013 for more details), and is considered by incorporating additional hydro power plants in the model for the future periods. Yet within this paper, all results are referred to a base scenario that includes the same changes (including additional generation capacities) in the hydro power generation system such that the estimated change in electricity production only results from the hydrological change.
Results
In this section, the various results from the individual elements of the model chain and effects related to the subsequent elements are addressed. Potential uncertainties of the individual model steps and their further consequences are discussed in the subsequent section.
Changes in meteorological forcing (temperature and precipitation)
Regarding meteorological forcing, four representative regional climate scenarios have been selected to cover a large uncertainty range of expected climate change. The selected RCMs show different characteristics: Meteo-HC HadRM3Q0 being a hot and dry realization, C4IRCA3 being a warm and wet realization, KNMI-RACMO2 being a moderate realization, and CNRM-RM4.5 representing a special case, which shows stronger summer than winter warming. The climate change signals for all the considered 101 catchments between 1961-1990 and 2011-2030 and between 1961-1990 and 2031-2050 2 ) and Passau-Ingling (26,084 km 2 ) along the rivers Danube and Inn (which will be used as examples in detail also in the next sections), a change in temperature from ?0.7 to ?2.5°C and from ?0.7 to ?2.7°C, respectively, and in precipitation from ?5 mm/ year to ?106 mm/year and from -11 mm/year to ?111 mm/year, respectively, is estimated ( Fig. 5 ; the triangles and crosses, respectively). The cumulative frequency plots of absolute temperature change and absolute precipitation change illustrate the differences in the climate scenarios. Although the trend in temperature change is consistently positive, the magnitudes are different and of importance concerning future changes in evapotranspiration. Interestingly, the cumulative frequency plots of the individual scenarios are rather steep, indicating a low variability of the projected temperature increase within the Alpine region. The picture of precipitation change is more diverse, on the one hand regarding the differences between the individual scenarios, and on the other hand, regarding the variability within the Alpine region, as most scenarios display a range of positive as well as negative changes of more than 50 mm/year. This is reflecting the complex meteorological behaviour of the Alpine region.
Estimated runoff changes based on four climate scenarios
Using temperature and precipitation input from the four climate scenarios individually, the calibrated and validated hydrological model is used to simulate runoff for the two periods 2011-2030 and 2031-2050. The results are compared to the reference period 1961-1990 for all 101 catchments. As representative examples, three gauging stations related to a range of catchment sizes are shown in Fig. 6 (their locations are indicated in Fig. 1a) . Figure 6a shows the predicted seasonal change in the mean monthly runoff of the River Danube at the station Kienstock for each of the four climate change scenarios. Figure 6b , c shows the same but for the station Passau-Ingling and Imst of the river Inn. Subtracting the runoff simulated for the reference period 1961-1990 from the predicted mean monthly runoff of the respective time period yields the expected change in monthly runoff for each of the four climate scenarios (Fig. 6d-f) . The overall annual changes for the two periods 2011-2030 and 2031-2050 related to the reference period are shown on the very left of Fig. 6d -e. Note that small absolute increases in the runoff during periods of low flow (e.g. in winter) might yield large relative changes (up to 100% and more, e.g .  Fig. 6f) ; however, these might not have a great influence on the difference in the overall annual runoff.
In general, especially for the smaller (and mostly mountainous) catchments considered, a shift towards earlier runoff (especially months of February to May) and a decrease in the summer months (July to August/September) are observable. Monthly variations up to ?190% are observed due to seasonal changes and a shift towards higher runoff especially in March and April related to a warming trend observed in all four scenarios. The strongest decrease of up to -70% is observed in the summer months of July and August (most pronounced in the warm-dry scenario for the period 2031-2050 compared to ). An example of both effects being observable is shown for the River Inn at the gauging station Imst in Fig. 6c , f. In addition to the mean monthly runoffs (l) as shown in Fig. 6 , the standard deviations (r) of the runoff for each catchment, each month, and each scenario for both time periods 2011-2030 and 2031-2050 versus the reference period 1961-1990 were computed to get a bandwidth of possible runoff changes in the near future (as an example see Fig. 7 ). The monthly changes in runoff computed for the different climate scenarios were further used as input for the hydro power model (''Changes in the hydro power generation'' section).
Depending on the climate scenario used, there is a certain variation in the change in runoff for all the catchments analysed and moreover for the periods 2011-2030 and 2031-2050 compared to the reference period 1961-1990 (Fig. 8) . Interestingly, in the warm-dry scenario, a positive trend in runoff change is observed for the period 2011-2030, whereas a strong decrease is estimated for the period 2031-2050. However, this is not unexpected, as the precipitation patterns already demonstrate such a behaviour (Fig. 5) . Nevertheless, the consistently positive changes in Fig. 6 Seasonal change in the mean monthly predicted runoff of the station Kienstock (Danube River) (a), the station Passau-Ingling (Inn River) (b) and the station Imst (Inn River) (c) relative to the historical runoff (simulated using the E-OBS data set). The observed runoff and the simulated runoffs for the period 1961-1990 using the historical time frame of the individual scenarios are not shown here as these are very similar to the simulated historical runoff of the E-OBS data set (due to the calibration process). The numbers 2 and 3 in the legend are related to the time periods 2011-2030 and 2031-2050, respectively. d-f show the difference per month of the runoff for the two time periods 2011-2030 versus 1961-1990 (D1) and 2031-2050 versus 1961-1990 (D2) for the stations in (a-c), respectively. Within the black boxes on the left of (d-f), the mean annual runoff is depicted; bars for D1 and rectangles for D2. For the location of these gauging stations, see Fig. 1 temperature (Fig. 5a ) generally result in more negative changes in runoff (Fig. 8) compared to the changes in precipitation (Fig. 5b) . The warm-dry as well as the moderate scenarios for the periods 2031-2050 suggest a consistent decrease in runoff for all the catchments analysed compared to . In contrast, only the warm-dry scenario for 2011-2030 results in a generally positive runoff change compared to . Interestingly, the cumulative frequency plots show clearly that the maximum and minimum changes result from the two time periods considered within a single scenario (the warm-dry one).
As Fig. 8 allows no spatial differentiation between individual regions, Fig. 9a-h shows the relative changes in the mean annual runoff of all catchments considered for the four scenarios and the two time periods. Besides the mentioned differences between individual scenarios as shown in Fig. 8, Fig. 9 reveals very diverse spatial distributions with rather inconsistent runoff changes. However, the south-western part of the study area, namely the Rhone River and its tributaries, exhibits a consistent negative trend for the period 2031-2050. The Rhine River (northwestern part), the Danube River (north-eastern part), and also the Po River (south-eastern part) and their respective tributaries do not show a consistent trend.
Changes in the hydro power generation
Since hydro power plants are not able to convert the total available river runoff into electricity due to discharge capacities, environmental measures, and power plant efficiencies, changes in runoff might have diverse effects on the actual power generation as will be discussed in the following. Figure 10 depicts an example of the influence of runoff changes for monthly hydro power production. On the one hand, the power plant generation capacity is limited to a certain amount of discharge due to cost-optimized -2030 versus 1961-1990 (a-d) and 2031-2050 versus 1961-1990 (e-h) for the four climate scenarios (a, e warmdry scenario; b, f humid-warm scenario; c, g warm-summer scenario; d, h moderate scenario). The computed changes are related to the outlets of the actual catchments, but the colour-coding of smaller subcatchments is superposed on the corresponding larger catchments operation, so that certain changes in stream flow at higher levels do not affect the energy output, because the additional water is passing the hydro power plant via a spillway. On the other hand, runoff shifts, e.g. to earlier months of the year (due to a general warming trend resulting in less snow storage and earlier snow melt), can lead to an increase in power output of the plant if these water volumes were previously lost via the spillway and can now be used to generate electrical energy. As noted in ''Hydro power model for run-of-river plants'' section, these effects were considered only for power plants in Austria due to the lack of data on the individual power plants in other parts of the Alpine region.
Within the project framework of this study (see Bachner et al. 2013) , changes in power plant structures have been considered in the future, which does not allow a direct comparison of the future periods (2011-2030 and 2031-2050) with the historical period .
Consequently, a scenario neglecting climate change (i.e. using the unmodified historical flow duration curves for the future time periods), but considering the changes in the power plant structure, i.e. refurbishment or additional capacities, had to be computed. Thus, a comparison between the climate scenarios and this base case (here called ''BASE'' scenario) was made.
For the two time periods considered, relative changes in average annual electricity generation compared to the BASE scenario (without consideration of climate change) are shown for the entire GAR and for Austria in particular (Fig. 11a, b) .
Considering all simulated run-of-river hydro power plants (390 in total), Fig. 11a, b shows that the projected climate change leads to an increase in total average annual electricity generation by 5% in the GAR in the most positive case (warm-dry scenario) for the time period 2011-2030 and to a decrease by 7% in the most negative case (warm-dry scenario as well) for the time period 2031-2050. This is a progression of what was already indicated in the runoff data (see Fig. 8 ). The bandwidth of projected changes in Austria's average annual electricity generation is slightly lower compared to those of the GAR, ranging from an increase by almost 4% in the humid-warm scenario for the time period 2031-2050 to a decrease by about 4% in the moderate scenario for the same time period in the most negative case. Besides the changing annual production, seasonal shifts are very important for the hydro power generation. Hydro power in Austria reaches its maximum production in spring, due to melting snow in the Alps, and its lowest energy output usually in February. However, due to a general warming trend, a seasonal shift is estimated in the future (Fig. 11c-f ).
Monthly generation characteristics reflect the seasonal changes in runoff characteristics (see, e.g. Fig. 6 ): A shift towards the winter and spring (particularly, February to May) and a decrease in the summer months (particularly, July to August) are observed for all climate scenarios in Austria and for all except the warm-summer scenario in the GAR (where the decrease in summer months is not observed). The observed trends are noticeable already in the time period 2011-2030, but are more pronounced in 2030-2050.
The trends are similar in Austria and the GAR in general (Fig. 11c-f ), pointing to an increased generation in winter and a decrease in summer. For the GAR having its peak load in winter, this is a positive development, because the additional energy yield supports and potentially stabilizes the energy system. 
Discussion
The resulting changes in energy production of run-ofriver plants due to changes in climate forcing and its consequences on river runoff and consequently on inflow for hydro power plants are related to a number of uncertainties along the model chain. The computed estimates of changes in runoff and further in energy production of run-of-river hydro power plants shown here are discussed in the light of these inherent uncertainties in the following.
To assess the uncertainty in the climatic input data, four different climate scenarios have been used to cover a wide range of possible future changes. These data sets cover a large part of climate uncertainty, but are based on only one emission scenario. However, for the period before 2050, it is expected that the effect of different emission scenarios on climate will be largely similar (Prein et al. 2011 ). Remarkable differences are expected in the second half of the twenty-first century only. All these four scenarios have been used as input for the hydrological model, but the historical runoff data, the model structure itself, and the model parameters contribute to the overall uncertainty, too. Runoff data from different data sources have been checked for outliers and plausibility. Nevertheless, measurement uncertainties are evident, especially for high and low flows. In fact, data quality is usually less of an issue for the monthly data, which is used for the monthly rainfall-runoff model, than for daily data (e.g. Smakhtin 2000) ; however, the lack of daily runoff subsequently introduces uncertainty in the compilation of future monthly flow duration curves (see below). Figure 12 shows the absolute changes in temperature (a), the relative changes in precipitation (b), the relative changes in runoff (c), and the relative changes in hydro power production (d) resulting from the applied model chain. Thus, the figure compares the range of changes in the forcing parameters temperature and precipitation (Fig. 12a, b) with the resulting impact on runoff (Fig. 12c) and hydro power production of run-of-river plants (Fig. 12d) . The large number of catchments and hydro power plants analysed allows observing a certain general progression from forcing input parameters to output parameters (i.e. runoff and hydro power production) in the Alpine region despite the uncertainties associated with the individual catchments or hydro power plants. The similarity in Fig. 12b-d suggests that changes in runoff and hydro power production are mainly controlled by the projected changes in precipitation. However, a closer look reveals that other factors contribute, too.
In particular, the expected increase in temperature generally leads to a decrease in runoff due to increased evapotranspiration and thus the relative changes in runoff are shifted to lower values as compared to the changes in precipitation. For instance, for the time period 2031-2050, the warm-dry scenario suggests an increase in precipitation of nearly 40% of the catchments, but this does not lead to an increased runoff in any of these catchments. For the same time period, the moderate scenario shows a similar average change in precipitation (with less variability throughout the GAR), but because of a lower increase in temperature the resulting change in runoff is less negative than that of the warm-dry scenario. Similarly, both the humid-warm and the warm-summer scenarios show an increase in precipitation from the time period 2011-2030 to the time period 2031-2050, but this difference is much less pronounced in the runoff changes because the temperature is expected to increase too, i.e. the projected increase in precipitation is almost compensated by the projected increase in temperature (and consequently in evapotranspiration).
The projected increase in evapotranspiration and thus decrease in runoff due to increasing air temperatures intuitively appear to be plausible. There are, however, multiple indications that this effect might be less strong than suggested by purely temperature-based evapotranspiration models as employed here and in other climate impact studies. First, it has been shown that despite global warming, the evaporative demand of the atmosphere globally exhibits little change (Sheffield et al. 2012) or may have even declined (McVicar et al. 2012 ) over the recent decades; this is attributed to changes in climate variables that are neglected in the temperature-based models, particularly wind speed (McVicar et al. 2012) . Second, it is known that an increase in the CO 2 concentration of the air, as observed during the recent and expected for the upcoming decades, causes plant stomata to open less widely, thus reducing the transpiration per leaf area (Lockwood 1999) ; evidence from experimental plots (e.g. Ainsworth and Long 2005) as well as from the analysis of continental runoff data (Betts et al. 2007) suggests that this effect is not generally compensated by an enhanced plant growth.
Although these considerations generally point to a potential overestimation of evapotranspiration and underestimation of runoff in the present study, it is evident that further investigations are needed to assess whether and how these findings can be transferred to the Alpine region and to the individual catchments investigated here. For example, the results shown by Sheffield et al. (2012) suggest that contrary to most other regions, the estimated increase in potential evaporation obtained from a temperature-based method might be too low rather than too high for large parts of Europe. Environ Earth Sci (2017) 76:4 Page 15 of 22 4
Future changes in soil properties, land use, and vegetation cover may also influence the transformation of precipitation to runoff, but as these changes are hardly predictable at the scale of this investigation, it was not attempted to account for them in the modelling. Likewise, an explicit modelling of glaciers has been refrained, due to the limited data availability (e.g. lack of a consistent glacier inventory for the Alpine region) and the difficulty of assessing possible temperature-related changes with the coarse available climate data set to our disposal. Fischer et al. (2015) estimated glacier runoff of approximately 600 mm/year (-0.62 m water equivalent per year of glacier mass change) based on 30 years of historical data in the Swiss Alps. This is about the same order of magnitude as the specific runoff (i.e. runoff per area) of the catchments considered here; thus, the actual percentage in runoff from glacier melt might roughly correspond to the areal percentage of glaciers within the catchment considered (see, e.g. Huss 2011 for further considerations). As such, runoffs in smaller alpine catchments with a large fraction of glaciers are influenced more than runoffs in foreland catchments. The larger run-of-river hydro power plants are situated along larger rivers of the Alps where catchment areas have a low fraction of glacier area (e.g. 1.4% for the gauging station Passau-Ingling at the Inn River).
Due to increasing temperatures in the future and therefore ongoing glacier melt, related increases in runoff from glaciers will potentially be beneficial for hydro power production as glacier runoff contribution is expected to be important in the summer months where the predictions of the rainfall-runoff model GR2M? suggest decreases. Huss (2011) could show a contribution of glacier-derived runoff in downstream basins of up to 25% in summer months; however, they noted a decrease in the far future (2100) due to strongly reduced glacier volumes. Predicting when the increase in glacier runoff due to increase in glacier melt is replaced by a decrease in runoff due to the disappearance of glaciers is an ongoing focus of research. For the time periods considered here (up to 2050), a slight increase (or decrease) in runoff due to additional glacier runoff (or the lack thereof) is likely (Huss 2011; Huss and Hock 2015) ; however, glacier runoff changes have been part of the historical time period as well and are as such indirectly addressed by the model calibration.
The employed hydrological model also does not explicitly take into account artificial structures like reservoirs or dams. Water losses as a result of human abstractions can make up a significant amount of the water supply. Especially in Mediterranean basins, abstractions and losses are altering the runoff quantity and runoff regime and will do so even more in the future if periods of droughts are increasing. The model implicitly allows accounting for water losses (using the exchange term X 5 ); however, this works only if there is no considerable seasonal variation, as the parameter is constant over time. An increase in abstractions will lead to additional runoff reduction and consequently less hydro power production especially in the summer months.
Thus, in general, stationarity of model parameters is a questionable assumption and discussed in the literature (e.g. Milly et al. 2008; Vaze et al. 2010) . However, for the purpose of this first Alpine wide assessment of potential consequences of climate change on hydro power production, the stationarity of parameters in the hydrological and hydro power models is a first assumption and an important step towards a better understanding of climate change impacts at the regional scale. Although incorporating additional processes or non-stationary parameters into the hydrological model is appealing, it bears the risk that the model is overparameterized (Loague and Freeze 1985; Beven 1989; Perrin et al. 2003) . Only if additional data (e.g. groundwater levels) are available, more parameters are justifiable. Further research on these issues is desirable and the data quantity necessary for such investigations is certainly a challenge in itself.
To assess the parameter uncertainty in the given model structure, various parameter sets that lead to a similar acceptable fit (a ''sufficiently accurate'' simulation) of the historical data (principle of equifinality; Beven 1993) were used to compute runoff changes for the future (not shown here; for details, see Bachner et al. 2013, p. 59-68) . Different ''equally like'' parameter sets due to equally acceptable fits to observed historical runoff data might lead to different future runoffs for the individual climate scenarios. The resulting range of possible runoff estimates is found to be small compared to the differences due to the different climate scenarios. Moreover, as there is a single hydrological model applied and as such only a single model structure used, some results were compared to published data to affirm its applicability (e.g. see Fig. 4 ; Bachner et al. 2013, p. 66) . Overall, the simple model structure is found to be sufficient to cover b Fig. 12 Absolute change in temperature (a), and relative changes in precipitation (b), in specific runoff (c) and in hydro power output (change in average annual electricity generation) (d) for the four climate scenarios and the time periods 2011-2030 and 2031-2050 versus 1961-1990 (D1 and D2, respectively) . The green circles exemplify the model chain for the change in temperature and precipitation in the time period 2031-2050 in the moderate scenario and its consequences on runoff at the gauging station Siezenheim (Saalach River) and the change in average annual electricity generation at the run-of-river plant Rott. The red boxes show the consequences of a change in temperature and precipitation in the time period 2031-2050 in the warm-dry scenario on runoff at the gauging station Saint Paul les Durances (Durance River) and the change in average annual electricity generation at the run-of-river plant La Brillanne Environ Earth Sci (2017) 76:4 Page 17 of 22 4 changes in runoff estimates for future climate scenarios on a monthly basis. As compared to the projected changes in runoff, the resulting changes in hydro power production are generally similar but tend to be slightly shifted to higher values (Fig. 12c, d) . The most pronounced shift to higher values is observed for the upper part of the cumulative frequency distributions of both the humid-warm and the warm-dry scenarios in the time period 2031-2050. Despite the negative change in runoff generally projected for the warm-dry scenario, the average annual electricity generation is found to increase for approximately 20% of the hydro power plants. In the case of the humid-warm scenario, the maximum increase in hydro power production exceeds 30%, although the maximum increase in runoff is less than 10%. This illustrates the aforementioned positive effect of the projected seasonal changes in runoff on hydro power generation as exemplified by the green circles in Fig. 12 , which refer to the moderate scenario (period 2031-2050) and the change in runoff at the gauging station Siezenheim along the River Saalach and the resulting change in the hydro power production of the run-of-river plant Rott. In this example, the decrease of 5.1% in annual runoff, resulting from an increase in temperature of 1.3°C and a precipitation decrease of 1.1%, leads to an increase in average annual electricity generation of 3.2%. However, in case of a sharply decreasing runoff due to temperature increases and precipitation decreases affecting the whole year, a decrease in hydro power production is the obvious consequence. The red boxes in Fig. 12 provide an example where the temperature increase combined with strongly reduced precipitation causes a steep decline of runoff and hydro power production (warm-dry scenario; runoff at the gauging station Saint Paul les Durances (Durance River); hydro power production of the run-of-river plant La Brillanne). This negative trend in the south-western part of the Alpine region has already been mentioned in Fig. 9 for the runoff.
As demonstrated by the aforementioned example of runof-river plant Rott (green circles in Fig. 12 ), flow duration curves on daily data are desirable for the hydro power plants model. However, as only the monthly runoff is available from the hydrological modelling, the available historical flow duration curves for the Austrian power plants have been modified by a shift corresponding to the projected change in the monthly mean runoff and reshaping the curve by considering changes in the (monthly) standard deviation (see ''Hydro power model for run-of-river plants'' section). This simplified approach introduces additional uncertainty into the flow duration curves. More importantly, it was not possible to apply this approach to the non-Austrian hydro power plants due to the lack of data, which is why the projected changes in monthly runoff have been directly transferred to changes in monthly electricity generation (see ''Hydro power model for run-ofriver plants'' section).
Further uncertainties in the computation of the average annual electricity generations arise due to the model structure of the power plant model. Even the detailed approach used for Austria's power plants is not able to cover all effects of hydro power generation, e.g. caused by optimized dispatch using artificial reservoirs and the optimized utilization of different turbines within a power plant to reach their optimum operation point. Uncertainties are even higher in the less detailed approach for all other countries, not taking into account the limits of inflow capacities. Additional data of these hydro power plants would be needed for further analysis where potential positive effects of seasonal changes (due to the limits of inflow capacities) could be analysed similar to what has been done for the Austrian hydro power plants.
The estimates of future runoff and the resulting changes in hydro power generation represent a possible bandwidth of changes that the electricity sector and especially hydro power generation companies have to deal with in the near future. Climate projections and the corresponding results from the hydrological and hydro power model do not show a clear trend throughout the investigated area and time frame, mainly because of diverse precipitation patterns in contrast to a general warming trend in all four climate scenarios. Besides these obvious differences and therefore uncertainties from the climate modelling, other limitations and assumptions that have been addressed above tend to increase the bandwidth of uncertainty. However, many sources of uncertainty relate to the individual catchments or hydro power plants and thus are expected to have minor impact on the overall picture at regional scale (Fig. 12) .
Thus, despite these uncertainties and simplifications discussed above, the analysis of the model chain covering the whole Alpine region provides a first scheme-scale analysis of possible impacts of climate change on the hydro power production of run-of-river plants in the GAR. The results provide a range of possible future climate change impacts to be considered in the planning and management of hydro power generation within the GAR and are expected to encourage further research in the complex interplay of climate, hydrology, and hydro power production in the Alpine region.
Summary and conclusions
Estimated changes in runoff for a large number of catchments covering the Greater Alpine Region were computed using a parsimonious lumped-parameter rainfall-runoff model and a range of climate scenarios as forcing input, which are further transformed to changes in hydro power production. The hydrological model has been used for simulating future runoff using precipitation and temperature input from four selected climate scenarios that cover a bandwidth of possible climate change for the near future up to 2050. Changes in the seasonality and a shift towards earlier runoff are found in all four climate scenarios to some extend and are related to a general warming trend, though their magnitudes are different. These seasonal changes result in monthly variations in runoff, where a general increase in runoff for the winter and spring (February to May) and a decrease in the summer months (July to August) are observable for all scenarios in the period 2031-2050. However, changes in precipitation are diverse for different scenarios, and as such, a general trend in runoff for certain regions is not as obvious. There are both positive and negative changes estimated, which can be related to the bandwidth (or uncertainty) of the different climate scenarios applied. The estimated average annual variations in runoff are in general within ±10%, but up to -30% for the warm-dry scenario in Southern France and Northern Italy.
The effects of the four climate scenarios on runoff for the individual catchments are further translated to an estimate of future hydro power generation taking into account every scenario separately. In general, the shift to increased runoff in the winter and spring months due to a general increase in temperature indicates a positive effect on the power production, but the overall change remains more uncertain due to the ambiguous precipitation patterns in the climate scenarios. The average annual electricity generation of run-of-river plants for the time period 2031-2050 compared to 1961-1990 for the whole Alpine region is estimated to decrease slightly for all climate scenarios considered (up to -8%). For Austria, the result is more diverse, as two scenarios result in a slight increase (not more than ?5%), whereas the other two scenarios result in a slight decrease (not more than -5%). While the selected scenarios are not expected to cover the full range of uncertainty, this bandwidth provides a first estimate of what can be expected in the near future for hydro power planning and management in the Alpine region.
